T he majority of the accumulated greenhouse gas methane on Earth originates from the energy metabolism of methanogenic archaea (1) . In the terminal step of methanogenesis, methyl-coenzyme M reductase catalyzes the reaction between methyl-coenzyme M (methyl-SCoM) and coenzyme B (HS-CoB) to give methane and the heterodisulfide CoM-S-S-CoB (2); the latter is reduced back to HS-CoM and HS-CoB by heterodisulfide reductase (3) (4) (5) . The majority of methanogens contains a cytoplasmic heterodisulfide reductase (HdrABC)-[NiFe]-hydrogenase (MvhAGD) complex (1) that reduces CoM-S-S-CoB and ferredoxin by oxidizing H 2 ( Fig. 1A) (6) . Reduced ferredoxin, a potent electron donor, drives the first step of methanogenesis, which is the reductive fixation of CO 2 catalyzed by formylmethanofuran dehydrogenase (6, 7) .
The HdrABC-MvhAGD complex is of interest because it catalyzes an iron-sulfur cluster-assisted disulfide reduction reaction. This reaction is integrated into a flavin-based electron bifurcation (FBEB) process, a mode of energy coupling that optimizes the energy yield of the cell (8) . The key subunits are HdrA, which carries the electronbifurcating flavin adenine dinucleotide (FAD), and HdrB, which has been proposed to be the heterodisulfide reductase site (1, 9) . HdrA homologs are found in many other microorganismsi.e., anaerobic methanotrophic archaea (10), sulfate-reducing bacteria (11) and archaea (12) , sulfur-oxidizing bacteria (13, 14) , acetogenic bacteria (15) , knallgas bacteria (14) , and metalreducing bacteria (16) . Although most remain biochemically uncharacterized, the electron bifurcation modules are assumed to be connected with variable electron donors and acceptors (11) . HdrB is unusual in that spectroscopic studies have suggested that disulfide reduction occurs through two one-electron steps rather than the typical two-electron step (17) . HdrB contains a duplicated CCG motif with the sequence CX 31-39 CCX 35-36 CXXC (9) . This motif is predicted to be a binding motif for iron-sulfur clusters (18) , which occurs in numerous microbes. HdrA and HdrB constitute large protein families, but no structural information is available yet (19) .
We anoxically (95% N 2 /5% H 2 ) purified and crystallized the HdrABC-MvhAGD complex from the thermophilic methanogenic archaeon Methanothermococcus thermolithotrophicus (fig. S1A) and determined the structure at 2.15-Å resolution with the single anomalous dispersion method ( fig. S2) (20) . The multisubunit enzyme complex is composed of a dimer of two HdrABCMvhAGD heterohexamers with a flavin-containing HdrA dimer in the center, to which two catalytic arms, MvhAGD and HdrBC, are attached (Fig. 1B) . We also determined the structure of the HdrABCMvhAGD complex from Methanothermobacter wolfeii at 4.35-Å resolution, which has identical overall architecture and metal cluster positions (figs. S1B and S3).
MvhA and MvhG are homologous to the large and small subunits of [NiFe] hydrogenase, respectively ( fig. S4 , A to C) (21 (Fig. 1D ) ligated with Cys13, Cys42, Cys67, and Cys72. Cys67 makes a van der Waals contact with Cys16 ( fig. S6 ) and might form a Cys16−Cys67 disulfide bond in an oxidized state, as observed in thioredoxin reductase (22) . In MvhD from some methanogens-e.g., Methanocaldococcus jannaschii-the cysteines corresponding to Cys16 and Cys67 are exchanged with selenocysteines, which may confer essential functions. Notably, MvhD is fused to the C-terminal end of HdrA in the HdrABC homolog from Methanosarcina acetivorans (23) .
HdrA is tightly associated with HdrA' (amino acid residues of the partner protomer are marked with an apostrophe) and comprises an N-terminal (1 to 133), a thioredoxin-reductase (145 to 236 and 315 to 567), an inserted ferredoxin (237 to 314), and a C-terminal ferredoxin domain (568 to 654) (Fig. 1C) . The N-terminal domain has a fold similar to MvhD ( fig. S7) HdrC also represents a ferredoxin-like domain containing two [4Fe-4S] clusters (HC1 and HC2). Its C-terminal extension (109 to 184) interacts with HdrB and becomes part of the active site ( Fig. 2A and fig. S11 ). HdrB, which adopts an aspartate racemase-like fold, contains two highly similar [4Fe-4S] clusters (HB1 and HB2) with an unusual noncubane structure (Fig. 2 ). Each cluster is composed of highly distorted [3Fe-4S] and [2Fe-2S] subclusters, which share one Fe and one inorganic sulfur. In addition, one of the bridging sulfurs of the [3Fe-4S] moiety is occupied by a cysteine sulfur (Cys81 in HB2 and Cys234 in HB1). Cys153, Cys193, Cys194, Cys231, and Cys234 at the proximal (Fig. 2B) and Cys9, Cys41, Cys42, Cys78, and Cys81 at the distal (Fig. 2C) (25), but this could not be confirmed by anomalous data collected at the zinc K-edge.
To identify the substrate binding sites, we first cocrystallized the HdrABC-MvhAGD complex with coenzyme M. The obtained structure at 2.4-Å resolution indicated coenzyme M inside the active-site cleft of HdrB (Fig. 3A, left, and  fig. S12B ). The thiol group of coenzyme M is bound to an iron atom of the proximal noncubane [4Fe-4S] cluster (HB1), resulting in a pentavalent Fe-S species. This finding substantiates previous spectroscopic data, from which the formation of a covalent Fe-S bond after addition of coenzyme M and concomitant oxidation of a Fe-S cluster were deduced (26, 27) . The structure of a HdrABCMvhAGD crystal soaked with 2-bromoethanesulfonate at 2.15-Å resolution revealed the same position for this coenzyme M analog and coenzyme M (Fig. 3A, right) . Next, crystals of HdrABCMvhAGD were soaked with CoM-S-S (Fig. 3B,  left) . Their thiolates are covalently bound at equivalent irons of the [3Fe-4S] subclusters (Fig. 3 and figs. S12C and S13A). A structure determined from crystals soaked with 66 mM CoM-S-S-CoB for 3.5 min revealed a decreased occupancy of coenzyme B and an absent covalent bond to the noncubane [4Fe-4S] cluster (HB2), thereby displaying the disengagement of HS-CoB (Fig. 3B,  right) . The presence of the coenzyme M moiety in all structures determined from the CoM-S-SCoB soaking experiments suggested the delivery of a single electron to the reductase site, thereby reducing CoM-S-S-CoB and liberating HS-CoB but not HS-CoM. The accepted single electron might be supplied from H 2 via FAD. Because of the absence of ferredoxin in the soaking condition, only one electron from H 2 could be transferred to heterodisulfide reduction. The turnover rate of the reaction in solution under the soaking condition was estimated to be 0.05 s −1 (see the Materials and Methods section in the supplementary materials), which is in the order of that observed in cristallo.
The binding modes of coenzymes M and B to the noncubane [4Fe-4S] clusters allow us to postulate a catalytic mechanism of CoM-S-S-CoB reduction (Fig. 3C) . In contrast to a previously proposed hypothesis (17) , the disulfide bridge of CoM-S-S-CoB clamps between the two exposed iron atoms of the proximal and distal noncubane According to the currently accepted model of FBEB, the reduced bifurcating flavin in the HdrABC-MvhAGD complex directs a high-potential electron from reduced FAD (FADH − ) toward CoM-S-S-CoB and a low-potential electron from semireduced FAD (FADH•) toward ferredoxin (8, 28) . This process must occur twice to obtain HS-CoM and HS-CoB as well as the reduced ferredoxin (Fig. 1A) . The splitting of the oneelectron redox potentials requires a stable oxidized FAD, a moderately stable reduced FADH HdrA' interact with N1 and O2 from the flavin and preferentially neutralize the negatively charged FADH − ( fig. S14) . Thus, the neutral and protonated FADH• is least stabilized and is less stable than FAD• − , which exists as an intermediate during reduction with H 2 .
FBEB requires ET routes connected to FAD and a mechanism for gating the first high-potential and second low-potential electrons. The ET from H 2 to FAD differs from other structurally analyzed FBEB enzymes (29, 30) because the bifurcating (Fig. 4) . However, the distance between the [2Fe-2S] cluster of MvhD and both isoalloxazine rings is too far (>30 Å), thus indicating that the HdrABC-MvhAGD structure is in a blocking state for FAD reduction. We propose three mechanistic scenarios (see fig. S15 ) that enable ET from MvhD to FAD.
After FADH − formation, the high-potential electron transfers to the noncubane process. An exception is ferredoxin-thioredoxin reductase that also uses two one-electron steps for the reduction of thioredoxin via one normal [4Fe-4S] cluster and an internal disulfide bridge (22) . The crystal structure further provides the first static picture of the dynamic electronbifurcating HdrABC-MvhAGD complex. Switching between conformational states might be coordinated by different charge states of the enzyme complex, which may involve the Fe-S clustercoupled Cys16/Cys67 and Cys197'/Cys194' redox pairs (see figs. S6, S8, and S15). The HdrABC subcomplex model will serve as the structural template for multiple homologs functioning in diverse microbial pathways, because HdrA appears to be a universal module for FBEB. 
